Abstract-This paper presents the development of a compact laparoscopic assistant robot. The robot was designed to increase convenience and reduce possible interference with surgical staff by confining the majority of motions inside the abdomen. Its size was miniaturized as much as possible for convenient handling. A bending mechanism composed of several articulated joints was introduced to produce motions inside the abdomen. The proposed assistant robot can generate 3-DOF motion, including 2-DOF internal bending motion and 1-DOF external linear motion. Since the robot itself functions as a laparoscope, a small CCD camera module and a bundle of optical fibers were integrated as part of the system. For accurate control, mathematical modeling of the bending mechanism and a method of hysteresis compensation were introduced and implemented. For the control of the robot, a voice interface and a visual-servoing method were implemented. The performance of the developed system was tested through solo-surgery of in vivo porcine cholecystectomy. It was found that the views generated by the bending mechanism were sufficient throughout the surgery. Since the robot has functions comparable to the previously developed systems, while retaining its compactness, it is expected to be a useful device for human cholecystectomy.
INTRODUCTION
Laparoscopy became one of the most popular surgical techniques in the 1990s due to its surgical effectiveness, fast recovery and good cosmetic outcome. The most common application of laparoscopy is cholecystectomy, which is the surgical removal of the inflamed or stoned gallbladder. Recently, laparoscopic cholecystectomy is widely performed and its rate is reported to be continuously increasing [1] . Due to minimal incision, patients can regain health without much hospitalization; however, the operating surgeons suffer from a limited range of motion, reduced flexibility, loss of tactile sensation and limited depth perception compared to open surgery. Additionally, cooperation between the operating surgeon and the assistant becomes an important issue as it can determine how well the surgeon can perform surgical tasks. Manipulating vessels and organs using long tools without direct visual feedback requires the utmost attention, and it would be desirable that the assistant maneuvers the laparoscope to the surgical site without disrupting the operating surgeon. Novice assistants often suffer from following the surgeon's commands due to: (i) the difficulty in properly positioning the laparoscope in three-dimensional space based on the projected images on a TV monitor, (ii) the presence of the fulcrum effect at the trocar insertion point and (iii) hand tremor caused by fatigue. In order to solve these problems, some surgical robotic systems [2 -6] and laparoscopic assistant robot systems were developed.
Among the laparoscopic assistant robots, AESOP [7] , EndoAssist [8] and the system developed by Russell et al. [9] utilize the conventional rigid laparoscope. The design concept is based on replacement of the human assistant's hand motion with rigid robotic arms of multiple links. Despite their applicability in real surgeries, these systems address some important issues that must be resolved. These systems are known to occupy a voluminous space in the operating room, and the external motion of links tends to interfere or come in close contact with the surgeon and surgical staff. In order to solve these issues, Berkelman et al. [10] and Kobayashi et al. [11] have attempted to miniaturize the system without loss of the required functions. However, their systems also change the laparoscopic view by some of the external motions of the robotic arm and the issues are not completely resolved.
To develop a compact robot, we adopted an internally bending mechanism. This internally bending mechanism will not require a wide range of motion external to the abdomen for visualizing a wide range of surgical views. The proposed laparoscopic assistant robot system called KaLAR (KAIST Laparoscopic Assistant Robot) makes an internal bending motion for changing the viewing direction and an external linear motion for magnifying or reducing the surgical view. The remainder of this paper will present the implementation, the control method and the experimental results of the proposed KaLAR system.
WORKSPACE REQUIREMENTS
To determine the viewing angle range in conventional laparoscopy, we made observations during human cholecystectomies. In general, 4-DOF motion is available in conventional laparoscopic surgery [12] . There are mainly two rotations (up/down and left/right) about two axes on the incision surface, a translation (in/out) along the axis perpendicular to the incision surface and an axial rotation. Since the axial rotation is not fully utilized, we have not implemented this feature in our system.
Our observation shows that the ranges of up/down and left/right movements are within 30
• , while the range of in/out movement is approximately 100 mm during normal operation, as shown in Fig. 1 . The range of this in/out motion is in accordance with the result reported by Riener et al. using an electromagnetic position sensor [13] . Based on this observation of the necessary workspace, we have developed a laparoscopic assistant robot that can cover the full range of view required for human cholecystectomy.
COMPACT LAPAROSCOPIC ASSISTANT ROBOT
To keep the size of the robot compact and enable the change of views inside the abdomen, several designs were considered and the bending mechanism was determined to be the best candidate. So far various bending mechanisms have been developed to apply to laparoscopic surgery. Ikuta et al. [14] developed a 6-DOF hyper-redundant manipulator that is driven with wires to increase the dexterity, and Yamashita et al. [15] developed a multi-slider linkage mechanism that is driven through small rigid linkage to achieve high repeatability and to improve the power capability. The 2-DOF 4.2-mm-diameter bending mechanism consisting of some disks and four super-elastic NiTi tubes was proposed by Simaan et al. [16] . Recently, Meer et al. [17] presented a disposable plastic bending mechanism using a small partially locked ball joint. These mechanisms were mainly focusing on a surgical manipulator and improved the mechanical characteristics of the bending mechanism. However, since it is necessary that the wires of both the small CCD module and the optical bundle of the light source on the tip of our system pass through inside the bending mechanism, we adopted a simple bending mechanism consisting of hollow cylindrical short links [18] . The commercial version of the mechanism was modified so that it has an appropriate workspace for our application.
The overall design of the developed robot is as shown in Fig. 2 [19] . The direction of views can be altered by changing the alignment of the articulated joints while magnification/reduction of the view can be altered by moving closer or further away from the surgical site using a linear actuator. Unlike other previous laparoscopic assistant robots, KaLAR itself functions as a laparoscope. A CCD camera module and a bundle of optical fibers are installed on the tip of the bending section as shown in Fig. 2 and they are directly connected to the image-capturing unit and a xenon light source.
Bending motion
The bending mechanism consists of hollow cylindrical short links which connect to the next links with small joints and each link has two or four guiding holes inside as shown in Fig. 3 . The axis of rotation of each joint lies at right angles. For the internal bending motion, the most distal joint of the multiple joints is connected to two wheels through two pairs of steel wires, which are guided by guiding holes in the joints. There are two guiding holes inside each link except for the two links on both ends of the bending mechanism. The two links on both ends have four guiding holes inside individually and the wires are fixed to the guiding holes inside the link nearest to the CCD camera. The two wheels are put in a line, have different size and are attached to corresponding motors directly as shown in Fig. 4 . For controlling the bending mechanism, rotation of the motor changes the tension in the wires and, thus, changes the orientation of each joint as shown in Fig. 5 . For the sake of safety and initialization, two stoppers and photo sensors are placed to fix the bending range as shown in Fig. 4 .
We have determined the range of motions of a rigid laparoscope in Section 2. A comparable range must be possible with the bending mechanism composed of multiple joints. To determine how much bending is required for a comparable viewing range, we have simulated the motion using approximated parameters in laparoscopy and design constraints. For installation of a CCD module and a bundle of optical fibers at the tip, approximately 70 mm of length is required. From the observation, the distance between the navel and the gallbladder is approximately 200 mm and in some cases the laparoscope may be placed 30-50 mm apart from the gallbladder during surgery. The length of the bending section is 23 mm and it is composed of seven circular links connected by six joints. In conjunction with an assumption that bending of links will form a circular shape with a constant radius, we can compute the required bending angle for a comparable viewing range. As shown in Fig. 6 , about 30
• of bending angle will be have an equivalent viewing angle as a rigid laparoscope rotating 15
• about the insertion point. If the robot is positioned further than 30 mm from the region of interest, the viewable range will be greater than that of a rigid laparoscope. To make the installation procedure more flexible, we have configured the limit sensor so that bending can take place from −60
• to +60
• in each direction.
In/out motion and sterilization
For moving closer and further away from the surgical site, a linear actuator consisting of a linear motion guide, a ball screw and a brushed DC motor was installed. In order to cover the necessary workspace, we chose a linear actuator with 130-mm stroke length. This linear actuator is connected to a passive laparoscope holder by a connector similar to the one used to join a camera and a tripod as shown in Fig. 7 . The use of this passive holder allows the surgeon to readily install the robot to the bedside. It might not be accurate to state that linearly moving a bent tip will provide an enlarged or reduced view of the site; however, considering the size of the gallbladder (approximately 10 cm long by about 5 cm wide in a conical or pear-shaped sac) is small and initial placement of the robot does not deviate much from the site, an enlarged/reduced view can be obtained by linear motion. With regard to the quality of the laparoscopic view, we measured the field of view of KaLAR. The view ranges of the up/down and the left/right directions are 36.3
• and 48.4
• , respectively. The focus length was adjusted to make the view distinct within the range from 5 to 13 cm. The surgeon performing in vivo tests commented that the quality of the view was sufficient to perform the surgery.
To sterilize the KaLAR system, the moving portion of the robot, which includes the upper part and the linear actuator, is made separable from the passive holder unit, and thus both the robot and the passive holder can be easily sterilized with ethylene oxide gas. The effect of sterilization with ethylene oxide gas was insignificant, considering the maximum errors before/after sterilization were 0.129 and 0.172 mm, and both of them are sufficiently small, as shown in Fig. 8 .
MODELING AND HYSTERESIS COMPENSATION AT THE JOINTS

Modeling of the bending mechanism
The bending mechanism adopted in the KaLAR system consists of seven short links and six paired rotary joints. The axis of rotation of each joint lies at right angles as shown in Fig. 9 . This means that three joints are used for the bending tip to move either up or down and the others are to move either left or right. In this section we explain the modeling of the bending mechanism with the following assumptions: (i) the movement of each joint group (up/down group or a left/right group) is independent of each other, (ii) there are no plays in the joints and the guiding holes for wires and (iii) the bending angle of each joint in the same group is equal to each other. Based on these assumptions, we will derive the relationship between bending angle (θ up/down , θ left/right ) and length variation ( lw up/down , lw left/right ) of a corresponding wire. Figure 9 shows the situation when only the (i +1)th joint is rotating. The positions of the guiding holes can be expressed by (1)- (4), based on the coordinate system located on the (i + 1)th joint. In these equation, l and r indicate the length of each link and the distance from the link center to each guiding hole, respectively. Rotation of the wheel pulls one wire on one side while the wire on the other side is released. This variation of either wire length causes bending to occur and its mathematical relationship to the bending angle can be expressed by (5) using each guiding hole's position indicated by (1)-(4). Equations (6) and (7) show the overall length variation of the wires, and (8) and (9) show the overall bending angle produced by the length variation of the two wires. Figure 10 shows the relationship between the wire length variation by (6) and the bending angle by (8) when l and r are 3.3 and 4 mm, respectively. The relationship is almost linear (R ≈ 1.00) with coefficient of 14.35
• /mm and thus the bending mechanism is expected to move in proportion to the wire movement. However, since the real bending mechanism has a play in joints and guiding holes, in addition the presence of a hysteresis, the real coefficient value is expected to be a bit different from the ideal one.
where k = 0, 1, 2 (6)
where k = 0, 1, 2 (7)
Hysteresis modeling of the bending mechanism
In the previous section, we established a simplified mathematical model and it was shown that the relationship between the wire length variation and the bending angle is highly linear. We would like to confirm that the aforementioned relationship is indeed true and assess the effect of the hysteresis through experimentations using the optical three-dimensional position measurement system Optotrak3020 [20] . Four optical markers are placed on the moving tip and the rigid portion of the robot as shown in Fig. 11 and the movements of each segment are measured for a given input. Input consists of a set of sinusoidal inputs with increasing magnitude after completion of a cycle. Figure 12 shows the measured relationship between the desired variation of wire length and the bending angle of the tip during the up/down motion and the left/right motion, respectively. An interesting point to note is that unlike normal hysteresis characteristics, in which its effect is equally dispersed about the origin, our bending mechanism has its effect shifted to the right as shown in Fig. 12 . The cause of this shift lies in the initialization process, in which the motor connected to the bending tip first moves in a positive direction until a photo diode switch is activated and then comes back to the predetermined position in a negative direction. Consequently, if the bending tip moves in a negative direction, i.e., it follows the trend line 1, the hysteresis compensation is not required. We define 'hysteresis' as an average value of the differences between the trend lines 1 and 2 and between the trend lines 1 and 3. The cause of two different trend lines 2 and 3 during increasing the wire length is due to imperfect alignment of circular links in the bending mechanism. The effect of the hysteresis is summarized in Table 1 and the indicated values are used as compensating factors in controlling the bending mechanism.
Hysteresis compensation and the low-level control structure
In this section, a low-level control method for the bending motion with the hysteresis and its hysteresis compensation are discussed based on the results provided in Section 4.2. Figure 13 shows the block diagram of a low-level control structure including the hysteresis compensation. The compensation is made by adding the average offset value from Table 1 to the desired input if the input is increasing. This compensation scheme can be expressed by (10) . In case of the linear (zoom-in/-out) motion, no compensation is made due to no observed hysteresis effect.
where comp,i indicates the value of hysteresis compensation of each motor, hys,i
indicates the value of predefined hysteresis that is defined in Table 1 and
• θ des indicates the velocity of the desired input.
This simple hysteresis compensation scheme may produce a discontinuity in the desired value. Since the discontinuity causes an abrupt and unstable transition between views, maximum deviation of the desired value is limited to a predefined • θ max ). We have determined these values to be roughly 11.2
• /s for the bending motion and 8 mm/s for the linear motion. This method can be expressed by (11)- (13):
else
where beforeLPF indicates the desired position value that is regulated not to exceed the maximum velocity, comp indicates the value calculated by (10), θ des indicates the desired input and T is the sampling time. The beforeLPF obtained by (12) or (13) goes through a first-order low-pass filer with τ = 0.03 s for eliminating the discontinuity of the velocity and the resulting value is regarded as the final desired input des for a PD controller. As shown in Fig. 13 , the low-level controller is not a perfect closed loop, but it is sufficiently controllable under the assumptions that there is no external force acting on the moving tip and that the surgeon can see the laparoscopic view on the monitor. Figure 14 shows the tracking performance during the left/right swing motion before and after the hysteresis compensation.
HIGH-LEVEL CONTROL METHOD: A USER INTERFACE
This section explains a higher-level control method of the KaLAR system, which is related to the generation of the desired position (θ des ) from the surgeon's command. We adopted both a voice interface and a visual-servoing method to control the system. Voice recognition is implemented based on a speaker-independent software module and thus requires no training. Since it is one of the most intuitive methods, it has been successfully utilized to control many laparoscopic assistant systems [ 21, 22] . However, the voice interface has a limitation of requiring a lot of voice input when there is a need for continuous view change. To overcome the shortcoming of the manual control, a visual-servoing method [7, 23 -25] had been implemented. However, it also has some difficulty of adding some additional commands and changing the magnifying ratio of the surgical view. Thereupon, we have combined the voice interface and the visual-servoing. These two control methods are selected by the operating surgeon by voice commands during the operation.
Voice interface
As shown in Fig. 15 , voice commands are utilized to determine the robot's state and the control mode. After an initialization process, the system is in the pausing state and waits for the surgeon's command. Upon the 'start' command by the surgeon, the robot system is placed in the controlling state where the robot can be physically activated for specific movement and image processing. To pull the robot out of the controlling state, the 'pause' command is required. In the controlling state, the surgeon can choose the control mode using commands 'tracking mode' or 'voice mode'. In voice command mode, the surgeon manipulates the surgical view using the commands 'go up', 'go down', 'go left', 'go right', 'zoom in', and 'zoom out'. These commands move the robot toward the corresponding direction by predetermined amounts, about 4
• per command for bending and 20 mm per command for a linear motion. Auto-tracking mode is for tracking the primary surgical instrument marked with color markers. In this mode, 2-DOF bending motion is controlled by visual-servoing while the in and out motion with respect to the abdomen is still controlled by the voice commands 'zoom in' and 'zoom out'. For additional convenience, a two-position memory function is also implemented With regard to voice recognition, the experiments with the KaLAR system in the lab environment show that the recognition rates with and without the prerecorded noise of the surgical environment were 87.4% (σ = 4.5%) and 98.1% (σ = 1.5%), respectively. The average time delay from voice recognition to the bending/zooming motion was 0.74 s (σ = 0.12 s). The magnitude of this time delay turned out to be tolerable by the surgeon. Five subjects participated in these experiments and all commands were issued in Korean, while both Korean and English commands can be recognized.
Visual-servoing
Visual-servoing is expected to alleviate the surgeon from issuing a great number of voice commands in times of frequent change of camera views. The visual-servoing algorithm is based on the result of other researchers [7, 23 -25] . Unlike the previous works, to locate the tip of the instrument in the captured image and to identify the tool's type at once, a color marker composed of a two-color band is placed at the tip as shown in Fig. 16 [26] . The two-color band is composed of three parts: near(P 1 ), middle(P 2 ) and far(P 3 ) part, named by the distance from the tip. The near and the far parts from the tip are marked with bright cyan as it is rarely found in the internal organs [23] . These parts have different thicknesses, and are used to locate the direction and position of the tool tip. Since the real distances (D 1t and D 12 ) between markers and a tip in Fig. 16b are known, we can obtain the tip position with a simple equation (14) , in which the effect of a perspective view is neglected for the sake of the simplification. The color of the middle part is used for identifying the type of tool that is inserted and, thus, is utilized to verify the marker detection and to upload the geometric information of the tool.
To avoid the surgeon's motion sickness, the visual-servoing is activated only when the tip is moved out of the small portion at the center of a TV screen. The size of the portion and the maximum bending speed during in vivo porcine cholecystectomies were determined by the operating surgeons' preference before the surgery began, and thus were approximately 11.2
• /s and 30% of the TV monitor, respectively.
IMPLEMENTATION AND EVALUATION
Overall system configuration
The main controller is based on a Pentium 4 2.8-GHz PC running under Windows 2000. A Model 626 board from Sensoray is utilized for performing low-level position control and for generating hardware interrupts. VoiceEZ software from Voiceware is utilized for recognizing the surgeon's voice commands and for synthesizing voice instructions. For convenience, a wireless headset from Inter-M is used. A Matrox Meteor-II frame grabber board from Matrox and a small CCD camera (IK-M43S) from Toshiba are used for image processing. In the developed software module, three threads were implemented, each accounting for position control, voice recognition and image process. Sampling in the PD controller is conducted at 1000 Hz and image processing is done at a minimum rate of 25 Hz. Since the CCD camera module can support multiple outputs, the laparoscopic view is delivered simultaneously to the image grabber and a super VHS recorder, which is connected to a high-definition monitor, as shown in Fig. 17 .
In vivo porcine cholecystectomy
To evaluate the performance of KaLAR, three cases of porcine cholecystectomy were performed. The objective of these trials were (i) to determine if the workspace covered by the robot is sufficient for cholecystectomy, (ii) to see if solo-surgery is possible with the proposed control scheme and (iii) to determine if the time required to complete the surgery is comparable to robot-assisted and human-assisted cholecystectomy. The materials used were three female pigs, 3-4 months old and weighing approximately 30 kg. The size of their abdominal cavity was smaller than that of an adult person and, thus, the trocar had to be placed below the navel. Since KaLAR's initial position influences the motion range, it is necessary to place it carefully during the initialization procedure. The cholecystectomy mainly deals with the gallbladder that is under the liver, so we fixed KaLAR to head for the lower part of the liver by adjusting the passive laparoscopic holder. With respect to the in/out position, we marked the long hollow tube of KaLAR with a color tape to indicate that the bending mechanism is fully inserted into the abdomen. All three surgeries were performed by one surgeon as shown in Fig. 18a and all the surgical procedures were in accordance with the guidelines enforced by the local ethics committees. On a pig with Kobayashi's system [11] 38 (one case) On a pig with a human assistant [11] 41.6 (10 cases) On a pig with the KaLAR system 26.7 ± 8.3 (three cases)
Through animal tests, we were able to confirm that the workspace covered by KaLAR is sufficient for porcine cholecystectomy, and the control of the robot using voice commands and visual-servoing is effective enough for solo-surgery. The surgical time comparison with other robot-assisted and human-assisted porcine cholecystectomies is summarized in Table 2 , where the surgical time was defined as the time from inserting the laparoscope or KaLAR to extracting it. The surgical times described in Ref. [11] were recalculated in terms of our definition, i.e., we have subtracted the trocar insertion time from the total operating time. Although we only have a limited number of surgeries and the time measurement can only be used for a rough estimate of the robot's performance, the time spent for porcine cholecystectomy can be said to be comparable to other robot-assisted and human-assisted porcine cholecystectomy. Note that the time difference between experiments with KaLAR and the other system seems to be mainly caused by the surgeon's expertise level, considering our surgeon's operating time (23.3 ± 9.9 min for four cases) for the human cholecystectomy with a conventional rigid scope is slightly shorter than for these experiments using KaLAR.
Next, the other objective of in vivo tests was verifying whether or not KaLAR could cover all the views that a surgeon wants to see during operations. Figure 19 and Table 3 show the trace of KaLAR's motions during in vivo tests. The maximum one-directional range of bending motion and maximum range of linear motion were 34.50
• and 120 mm, respectively, and they were within the workspace of KaLAR. We can conclude that the workspace of KaLAR is sufficient to provide necessary views during porcine cholecystectomy. Table 3 includes the motion range during the second and third experiments as no position data were measured during the first experiment.
In the case that the tip was bending, the zooming motion may not be able to keep the center position of the view. Since the tip was adjusting automatically during the auto-tracking mode, the aforementioned effect was not considerable. However, during the voice-command mode, it may make the surgeon uncomfortable. However, considering most of the bending motion is not large, as shown in Fig. 19 , the deviation by the zooming motion was acceptable without any compensation even though the tip is bending a little. In only a few cases did the surgeon issue additional commands to adjust the center position. 
CONCLUSIONS AND FUTURE WORKS
This paper proposes a new compact laparoscopic assistant robot, KaLAR. The KaLAR system can generate 3-DOF motion, including 2-DOF internal bending motion and 1-DOF external linear motion. Unlike previous robotic systems, the robot makes use of an internally bending mechanism and the constraining of motions within the abdomen is expected to reduce the potential risk of interfering with surgical staff. A mathematical modeling of the bending mechanism was performed and the inherent hysteresis characteristics of the mechanism were compensated for more accurate control. In order to facilitate easy operation, a voice interface and a visual-servoing method were introduced and implemented. To verify the applicability of KaLAR, three solo-surgeries on porcine cholecystectomy were performed. These in vivo animal tests showed that the mechanical structure of the KaLAR system is acceptable in the surgical environment and has sufficient workspace to provide necessary views during cholecystectomy. It was noticed during our preliminary animal study that the KaLAR system can provide the laparoscopic view as long as the operating surgeon places KaLAR in the vicinity of the gallbladder. This placement procedure is not a difficult task because the surgeon always checks the entire abdominal cavity before the surgery begins and can roughly estimate where the robot should be placed. There was no big difference in operating time in comparison to other robot-assisted and human-assisted porcine cholecystectomy.
Despite KaLAR's applicability, there are several shortcomings that must be improved. The length of the bending tip should be shortened because its lengthiness can restrict the reachable area. With regard to the bending mechanism, the multiple links produced a considerable amount of hysteresis and its effect could not be completely eliminated by the compensation. Therefore, it is necessary to reduce the play in the joints and improve the alignment of links by modifying the bending mechanism. There is the potential of harm caused by the robot's malfunction, especially during the zooming motion. To reduce the possibility of malfunction, we will introduce an additional sensor to confirm the actuators' position measured in the zooming motion. In addition to these mechanical improvements, more in vivo tests are required for more quantitative evaluation and for its extensibility to other minimally invasive surgeries.
